In both prokaryotes and eukaryotes, DNA polymerases belonging to the UmuC/Rad30/DinB family promote replication through DNA lesions (6, 16) . In eukaryotes, DNA polymerase (Pol) functions in the error-free replication of UV-damaged DNA, and both yeast Pol and human Pol (hPol) replicate through a cis-syn thymine-thymine (T-T) dimer with the same efficiency and accuracy with which they replicate through undamaged T's (13, 17, 31) . Genetic studies of yeast have also implicated Pol in the error-free bypass of cyclobutane dimers formed at 5Ј-TC-3Ј and 5Ј-CC-3Ј sites (32) , and Pol efficiently replicates through many other DNA lesions as well (9, 11) . Mutations in Pol in humans cause a cancer-prone syndrome, the variant form of xeroderma pigmentosum (12, 22) .
In addition to Pol, humans contain two other related polymerases, Pol and Pol (14, 15, 25, 30) . Unlike Pol, Pol does not bypass a cis-syn T-T dimer and it does not even insert a nucleotide opposite the 3Ј T of the dimer (15) . A role of Pol in lesion bypass, however, is indicated by its ability to incorporate nucleotides opposite the 3Ј T of the (6-4) T-T photoproduct and opposite abasic sites (15) . Subsequently, Pol extends from the nucleotide inserted by Pol, thus completing the bypass process (15) .
In contrast to Pol and Pol, which exist only in eukaryotes, the DinB protein and its homologs are found in both prokaryotes and eukaryotes (6, 16) . In Escherichia coli, dinB-encoded Pol IV shows little ability to bypass a cis-syn T-T dimer, a (6-4) T-T photoproduct, or an abasic site (29) . However, genetic studies have implicated Pol IV in the mutagenic replication of undamaged DNA, as deletion of the dinB gene in E.
coli reduces the rates of frameshift and base substitution mutations. This effect of dinB in generating spontaneous mutations becomes more evident when the replicative polymerase has been partially disabled and the mismatch repair system has been inactivated (27) . Also, overexpression of dinB in E. coli increases the rate of single base deletions in a run of guanines (20) .
The human DINB1-encoded Pol (previously called Pol by us) is unable to bypass a cis-syn T-T dimer, a (6-4) T-T photoproduct, or an abasic site (14) . However, Pol can replicate through a guanine-AAF (N-2-acetyl-aminofluorine) adduct, and it may contribute to the bypass of other, as yet unidentified, DNA lesions as well (25) . Transient expression of the mouse DINB1 gene in cultured mouse cells leads to an increase in the frequency of base substitution and frameshift mutations (23) , which suggests a role for Pol in the mutagenic replication of undamaged DNA. Thus, in both prokaryotes and eukaryotes, DinB contributes to spontaneous mutagenesis.
Although Pol would need to be recruited to the stalled replication fork to perform its function in translesion synthesis, or to promote replication through certain sites in undamaged DNA, the manner by which this polymerase gains access to the replication machinery is not known. Here, we examine if interaction with proliferating cell nuclear antigen (PCNA) targets hPol to the replication machinery. PCNA, a ring-shaped homotrimeric protein, is loaded onto the primer-template junction by a multiprotein clamp loader, replication factor C (RFC), which couples the hydrolysis of ATP with the opening and closing of the PCNA ring around the DNA. After the loading of PCNA, RFC stays on the DNA via interaction with replication protein A (RPA) bound to single-stranded DNA (ssDNA) (1, 18, 33) . The replicative DNA polymerase, Pol␦, then assembles with PCNA and carries out processive synthesis of both the leading and lagging DNA strands (26, 28) . Here, we provide evidence for the physical interaction of hPol with Processivity assays. Different concentrations of hPol (1.5 to 80 nM) in the presence or absence of PCNA, RFC, and RPA were preincubated for 5 min at 37°C with circular M13 ssDNA substrate primed with a 5Ј 32 P-labeled oligomer primer (5 nM) in the standard reaction buffer but without the deoxynucleotides. Reactions were initiated by the addition of all four deoxynucleotides (500 M each) or all four deoxynucleotides plus excess sonicated herring sperm DNA (0.5 mg/ml) used as a trap, followed by 10 min of incubation at 37°C. To demonstrate the effectiveness of the trap, hPol was preincubated with the DNA trap and the primer-template substrate before the addition of deoxynucleotide triphosphates (dNTPs).
Determination of steady-state kinetic parameters. Steady-state kinetic analyses for deoxynucleotide incorporation opposite a nondamaged G, A, T, or C residue or an abasic site were performed as described previously (3, 5) . Briefly, hPol alone or in the presence of PCNA, RFC, and RPA was incubated with increasing concentrations of a single deoxynucleotide for 10 to 30 min under standard reaction conditions. Gel band intensities of the substrates and products were quantitated with a PhosphorImager, and the percentage of primer extension was plotted as a function of dNTP concentration. The data were fit by nonlinear regression by using SigmaPlot 5.0 to the Michaelis-Menten equation
). Apparent K m and V max steady-state parameters were obtained from the fit and used to calculate the efficiency of deoxynucleotide incorporation (V max /K m ).
RESULTS
Complex formation between hPol and PCNA. To examine whether hPol physically interacts with PCNA, GST-hPol was incubated with six-His-hPCNA and a pull-down assay was performed using Ni-NTA and glutathione-Sepharose affinity beads (Fig. 1) . The Ni-NTA beads have a high specificity for six-His-tagged proteins and bind six-His-hPCNA, whereas the glutathione-Sepharose beads bind GST-hPol. Our control experiments demonstrated that Ni-NTA beads do not bind GSThPol (Fig. 1, lanes 7 through 9) and that glutathione-Sepharose beads do not bind six-His-hPCNA (Fig. 1, lanes 10  through 12) . Hence, GST-hPol and six-His-hPCNA could have been pulled down together only if they had interacted with one another.
We preincubated GST-hPol and the six-His-hPCNA homotrimer at a 1:1 molar ratio. When GST-hPol was bound to glutathione-Sepharose beads, almost all of the input PCNA was retained on the beads (Fig. 1, lanes 1 through 3) , and similarly, when six-His-hPCNA was bound to the Ni-NTA beads, nearly all of the input hPol remained bound to PCNA (Fig. 1, lanes 4 through 6) . These observations provide evidence for the physical interaction of hPol with PCNA, and they indicate that the two proteins are able to form a complex in vitro.
PCNA, RFC, and RPA cooperatively stimulate DNA synthesis by hPol. Next we examined the effect of replication accessory proteins PCNA, RFC, and RPA on the DNA synthesis activity of hPol. An unlabeled oligonucleotide primer annealed to a unique position of M13 circular ssDNA was elongated by hPol alone or in the presence of either PCNA, RFC, or RPA or different combinations of these proteins ( Fig. 2A) , and DNA synthesis was monitored by determining the incorporation of radioactive deoxynucleotides. Addition of either PCNA, RFC, or RPA did not significantly enhance the DNA synthesis activity of hPol ( Fig. 2A , compare lane 1 to lanes 6 through 8). However, a robust (ϳ23-fold) stimulation of DNA synthesis by hPol was observed upon the addition of all three proteins, PCNA, RFC, and RPA ( Fig. 2A, lane 3) . This enhancement of the DNA synthesis activity of hPol requires all three accessory proteins, since in the absence of either PCNA, RFC, or RPA, only a weak stimulation was observed ( Fig. 2A , compare lanes 1 through 5). From these results, we concluded that PCNA, RFC, and RPA cooperate to enhance the DNA synthesis activity of hPol.
Effect of PCNA on the processivity of hPol. In a search for the mechanism by which PCNA, RFC, and RPA stimulate the DNA synthesis activity of hPol, we examined the effect of these accessory proteins on the processivity of hPol. Although a low processivity is desirable for a low-fidelity polymerase such as hPol (14, 24) , as that would limit its activity to synthesizing only short stretches of DNA, thereby preventing high mutation rates, the possibility existed that an increase in processivity was in fact responsible for the stimulation of the DNA synthesis activity of hPol. To test whether PCNA, together with RFC and RPA, increased the processivity of hPol, we used a circular M13 template ssDNA primed with a 5Ј 32 Plabeled oligonucleotide primer ( Fig. 2B ) and we ensured in two different ways that we were observing deoxynucleotide incorporation resulting from a single DNA binding event of hPol. First, we decreased hPol concentration to a point where only a small fraction of the primer was extended, and second, we monitored DNA synthesis in the presence of an excess of nonradiolabeled, sonicated herring sperm DNA used as a trap. At a low enzyme concentration, hPol alone incorporated only 1 to 4 nt (Fig. 2B, lane 3) . Although the addition of PCNA, RFC, and RPA greatly stimulated DNA synthesis by hPol (Fig. 2B, compare lanes 3 and 6) , even in the presence of these accessory proteins, hPol incorporated only a few, ϳ1 to 18 nt (Fig. 2B, lane 6 ). In the presence of excess nonlabeled herring sperm DNA, any hPol molecules that dissociated from the labeled DNA substrate would be trapped by the excess nonlabeled DNA, thereby preventing the rebinding of the enzyme to the primer-template junction. These reactions were performed by first preincubating hPol either alone (Fig.  2B, lanes 7 through 9) or in the presence of PCNA, RFC, and RPA (Fig. 2B, lanes 10 through 12) with the labeled DNA substrate. A mixture of excess herring sperm DNA and all four deoxynucleotides was then added to initiate the reaction. The effectiveness of the trap was verified by preincubating hPol with the DNA substrate and the excess herring sperm DNA before the addition of the nucleotides (Fig. 2B, lane 13) . The lack of any DNA synthesis in this sample showed that excess herring sperm DNA (ϳ200-fold) was sufficient to trap all hPol molecules. In these reactions, wherein single-hit conditions were provided by excess herring sperm DNA, PCNA, RFC, and RPA did not significantly increase the processivity, since the overall pattern of nucleotide incorporation remained nearly the same in the presence and in the absence of these protein factors (Fig. 2B , compare lanes 7 through 9 and lanes 10 through 12).
Ability of hPol to bypass DNA lesions in the presence of PCNA, RFC, and RPA. Although hPol belongs to the family of translesion synthesis DNA polymerases, it is unable to bypass a cis-syn T-T dimer, a (6-4) T-T photoproduct, or an abasic site (14) . We next examined whether PCNA, RFC, and RPA promote translesion DNA synthesis by hPol through these DNA lesions. For this purpose, we were unable to use short, linear, damage-containing primer-template DNA substrates, probably because PCNA does not remain stably bound on such DNAs and may slide off at the ends. Therefore, we constructed DNA substrates wherein biotin was attached to both ends of the 75-nt oligonucleotide template, and following its annealing to the 5Ј 32 P-labeled oligonucleotide primer, both of these biotins were coupled to streptavidin, an ϳ50-kDa protein (Fig. 3) . The presence of streptavidin on both ends of the DNA substrate would inhibit PCNA from falling off after having been loaded onto the template-primer junction by RFC. On such undamaged linear DNA substrate, PCNA, RFC, and RPA stimulated the DNA synthesis activity of hPol (Fig. 3, compare lanes 1 and 2) . However, even in the presence of these protein factors, hPol remained ineffective in bypassing a cis-syn T-T dimer, a (6-4) T-T photoproduct, or an abasic site (Fig. 3) . In the presence of PCNA, RFC, and RPA, hPol exhibited some nucleotide insertion ability opposite an abasic site (Fig. 3, lane 8) , but the presence of a strong stall site just before the lesion indicated an inhibition of insertion across from the abasic site, and the stall site opposite the lesion indicated an inhibition of extension of the 3Ј primer end opposite the abasic site (Fig. 3, lane 8) . The strong stall sites present 1 or 2 nt before the 3Ј T of the cis-syn T-T dimer or the (6-4) T-T photoproduct (Fig. 3, lanes 4 and 6) indicated that PCNA, RFC, and RPA are unable to stimulate hPol's ability to insert nucleotides opposite these DNA lesions. 2 g) (lanes 1 through 6) . As controls, the same amounts of GST-hPol (lanes 7 through 9) or six-His-hPCNA (lanes 10 through 12) were used alone. After incubation, samples were bound to Ni-NTA (lanes 4 through 9) or glutathione-Sepharose (lanes 1 through 3 and 10 through 12) beads, followed by the washing and elution of the bound proteins by imidazole-or glutathione-containing buffer, respectively. Aliquots of each sample before additions of the beads (lanes L), the flowthrough-plus-washing fractions (lanes F), and the eluted proteins (lanes E) were precipitated by trichloroacetic acid and analyzed on a sodium dodecyl sulfate-12% polyacrylamide gel stained with Coomassie blue. The positions of GST-hPol and six-His-hPCNA are shown on the left.
Kinetic analyses of the efficiency of nucleotide incorporation by hPol in the presence of PCNA, RFC, and RPA. To understand further the mechanism by which PCNA, RFC, and RPA stimulate hPol, we examined their effects on the steady-state kinetic parameters K m and V max for nucleotide insertion by hPol. DNA substrates bearing biotin-streptavidin complex on both ends were generated by annealing the 5Ј 32 P-labeled oligonucleotide primers to different positions of a linear 75-nt template oligonucleotide. The kinetics of insertion of a single deoxynucleotide opposite an undamaged G, A, T, or C or an abasic site, in a standing start reaction, were determined as a function of the deoxynucleotide concentration under steadystate conditions (Fig. 4) . From the kinetics of deoxynucleotide incorporation, the steady-state apparent K m and V max values for each deoxynucleotide were obtained from the curve fit to the Michaelis-Menten equation. These K m and V max values and the efficiencies of single nucleotide incorporation (V max / K m ) for hPol in the presence or absence of PCNA, RFC, and RPA are summarized in Table 1 .
As indicated by the V max /K m values, PCNA, together with 3 and 7 through 9 ) or in the presence of PCNA (100 ng), RFC (50 ng), and RPA (250 ng) (lanes 4 through 6 and 10 through 12), were preincubated with circular M13 template ssDNA (5 nM) singly primed with 5Ј 32 P-labeled oligonucleotide for 5 min at 37°C. Primer extension reactions were initiated by adding all four deoxynucleotides (500 M each) (lanes 1 through 6) or all four deoxynucleotides and excess sonicated herring sperm DNA (0.5 mg/ml) as a trap (lanes 7 through 12). After 10 min of incubation at 37°C, the samples were quenched and run on a 10% polyacrylamide gel. To demonstrate the effectiveness of the trap, hPol plus PCNA, RFC, and RPA were preincubated with excess herring sperm DNA together with the primer-template substrate for 5 min at 37°C before the addition of dNTPs (lane 13).
VOL. 22, 2002 hPol INTERACTION WITH PCNA 787 RFC and RPA, increased the efficiency of nucleotide incorporation by hPol opposite undamaged residues as well as opposite the abasic site. Opposite undamaged template residues and in the presence of PCNA, RFC, and RPA, hPol incorporates the correct nucleotide ϳ50-to 200-fold more efficiently than it does in the absence of these proteins (Table 1) . These increased efficiencies for nucleotide incorporation arise primarily from a marked reduction in the K m for the dNTP substrate, whereas only minor changes were observed in V max values. For example, in the presence of PCNA, RFC, and RPA, the ϳ60-fold increase in the efficiency of G insertion opposite the C template nucleotide was accompanied by an ϳ70-fold decrease in the K m for G, whereas the V max stayed about the same (Table 1) . Opposite the abasic site, PCNA, RFC, and RPA increased the efficiency of a nucleotide A insertion ϳ40-fold; nucleotide A is the nucleotide inserted most often by hPol, but the efficiency of this reaction still remained very low. The incorporation of incorrect nucleotides is also enhanced by PCNA, RFC, and RPA; however, because of the low V max   FIG. 3 . Effects of PCNA, RFC, and RPA on synthesis by hPol on a lesion containing DNA substrates. A portion of the DNA substrate containing undamaged T-T residues, a cis-syn T-T dimer, or a (6-4) T-T photoproduct is shown in schematic I. The positions of the two undamaged or damaged T's are indicated by asterisks. In the abasic site containing DNA substrate shown in schematic II, the abasic site in the template DNA is indicated by a "0" and is marked by an asterisk. The primer was 32 P-labeled at its 5Ј end, and the template contained biotin-streptavidin complex at both ends. Pol (2 nM) was incubated with the DNA substrate (20 nM) in the presence of each of four dNTPs under standard reaction conditions. As indicated, the reactions were carried out in the presence or absence of PCNA (100 ng), RFC (50 ng), and RPA (50 ng).
values for the insertion of incorrect nucleotides in the absence of these proteins, we did not quantitate this enhancement. Based on the comparison of the V max /K m values for the incorporation of correct and incorrect nucleotides, the fidelity of nucleotide insertion of hPol in the presence of PCNA, RFC, and RPA is low, ranging from 6.6 ϫ 10 Ϫ3 to 3.8 ϫ 10 Ϫ4 .
DISCUSSION
Here, we show that hPol physically interacts with PCNA and that PCNA, together with RFC and RPA, stimulates the DNA synthesis activity of hPol. Similar evidence for the physical and functional interaction of yeast Pol and hPol with PCNA that has been reported recently has shown that this interaction is mediated via the conserved PCNA binding motif located at the extreme C terminus of these proteins (7, 8) . A similar motif is also present at the C terminus of the human DinB1 protein (Fig. 5) , and it may contribute to PCNA binding.
PCNA, along with RFC and RPA, greatly stimulates the processivity of Pol␦ (26, 28) . However, these protein factors do not significantly enhance the processivity of hPol. This result is similar to previous observations with yeast Pol and hPol, where processivity was also not altered in the presence of these accessory proteins (7, 8) . The absence of a significant increase in processivity is desirable for low-fidelity enzymes such as Pol and Pol, for otherwise, there would be a large increase in mutation rates.
As judged from the V max /K m values, PCNA, RFC, and RPA stimulate the efficiency of correct nucleotide incorporation by ϳ50-to 200-fold, and this increase in efficiency is achieved primarily by a reduction in the apparent K m for the nucleotide. Although the processivity of hPol is not increased in the presence of PCNA, RFC, and RPA, it remains possible that the binding of the enzyme to the 3Ј primer end is stabilized in the presence of PCNA and that this accounts for the apparent increase in the affinity of the enzyme for the nucleotide. Alternatively, PCNA may contribute to the conformation of the active site, affording a higher affinity of hPol for the nucleotide.
Even with PCNA, RFC, and RPA, hPol was unable to insert a nucleotide opposite a cis-syn T-T dimer or a (6-4) T-T photoproduct and hence did not bypass these DNA lesions. Also, in the presence of these accessory factors, an abasic site remained a strong block to hPol and only a low level of nucleotide insertion occurred across from the lesion. Furthermore, although in the presence of PCNA, RFC, and RPA, steady-state kinetic analyses indicate an ϳ40-fold increase in the efficiency of a nucleotide A insertion opposite the abasic site, this reaction still remained very inefficient. Compared to the insertion of an A opposite the template T, hPol inserted an A opposite an abasic site more than 250-fold less efficiently. Previously, hPol has been reported to bypass an abasic site via a looping-out mechanism, in which it first inserts an A opposite the lesion, and this was followed by the looping out of the lesion in the template strand and the pairing of the A with the T residue present 5Ј to the abasic site in the template strand (25) . However, even in the presence of PCNA, RFC, and RPA, the highly inefficient incorporation of an A, the nucleotide incorporated most frequently by hPol opposite the abasic site, makes this possibility untenable. Other considerations also provide no support for such a role of hPol. Genetic studies of yeast have indicated that although A is incorporated most frequently opposite an abasic site, the other nucleotides, C, G, and T, are also incorporated (10) . Further, it has been shown previously that the bypass of an abasic site in eukaryotes requires the sequential action of two DNA polymerases, wherein the extension step depends solely upon Pol but many different FIG. 4 . Deoxynucleotide incorporation opposite undamaged C and T residues, and opposite an abasic site, by hPol in the presence or absence of PCNA, RFC, and RPA. hPol (1 nM) was incubated with primer-template DNA substrate (20 nM) and increasing concentrations of a single deoxynucleotide in the absence or presence of PCNA (100 ng), RFC (50 ng), and RPA (50 ng) for 10 min opposite C and T and for 30 min opposite an abasic site at 37°C. The DNA substrates contained biotin-streptavidin complexes at both ends. The nucleotide incorporation rate was plotted against dNTP concentration, and the data were fit to the Michaelis-Menten equation describing a hyperbola. Apparent K m and V max values were obtained from the fit and used to calculate the efficiency of deoxynucleotide incorporation (V max /K m ). AP, abasic.
VOL. 22, 2002 hPol INTERACTION WITH PCNA 789 polymerases could contribute to the insertion step (10) . Because of its proximity to the lesion site and its ability to insert an A opposite an abasic site, Pol␦ would play a major role in the bypass of this lesion. Rev1 and Pol, however, also could contribute to lesion bypass by promoting the insertion of a C or a G nucleotide, respectively (10) . Although on its own, Pol is highly inefficient at inserting a nucleotide opposite an abasic site, the efficiency for nucleotide insertion rises dramatically in the presence of PCNA, RFC, and RPA (8) . Thus, whereas yeast Pol incorporates a G opposite an abasic site more than 500-fold less efficiently than it inserts a G opposite an undamaged C template residue, in the presence of PCNA, RFC, and RPA, G is incorporated opposite an abasic site only 20-fold less efficiently than its incorporation opposite a C residue (8) .
The interaction of hPol with PCNA implies that this polymerase gains access to the stalled replication fork via its binding to PCNA. This targeting mechanism is also used by another eukaryotic translesion synthesis DNA polymerase, Pol (7, 8) . However, the mechanism by which Pol␦ dissociates and a translesion synthesis DNA polymerase gains access to the 3Ј primer end remains to be identified. 
